1. Introduction {#s0005}
===============

Primary progressive aphasia (PPA) refers to a group of neurodegenerative disorders presenting initially with isolated language impairment. Currently three clinical variants are recognized: semantic variant PPA (svPPA), non-fluent variant PPA (nfvPPA) and logopenic variant PPA (lvPPA) ([@bb0040]). Each PPA variant is associated with deterioration of distinct language features: (i) progressive single-word comprehension deficits and anomia in svPPA; (ii) agrammatism and effortful speech in nfvPPA; (iii) profound word-finding difficulty and sentence/phrase repetition deficits in lvPPA ([@bb0040]). Moreover, emotional and personality changes can also occur in some patients. Decreased extroversion, warmth and dominance have been described in patients with svPPA, and agitation, depression and apathy in patients with nfvPPA ([@bb0125], [@bb0140]).

The diverse linguistic profile of each PPA variant is associated with different patterns of neuroanatomical degeneration that includes both gray and white matter abnormalities. In recent years, Diffusion Tensor Imaging (DTI) studies have revealed significant white matter tract abnormalities in addition to the previously known gray matter atrophy ([@bb0035]). DTI allows in vivo evaluation of white matter integrity by examining distribution of water molecules within fiber tracts ([@bb0015]) and so facilitates investigation of the contribution of white matter tract deterioration to the deficits observed in PPA. SvPPA is characterized by left anterior temporal lobe (ATL) atrophy, as well as damage to the uncinate fasciculus (UF), the inferior longitudinal fasciculus (ILF), left arcuate fasciculus (AF) and left temporoparietal superior longitudinal fasciculus (SLF-tp) ([@bb0035], [@bb0040]). Patients diagnosed with nfvPPA display left inferior frontal gyrus (IFG) atrophy and alteration of the left SLF, aslant and fronto-striatal tracts ([@bb0010], [@bb0035], [@bb0040], [@bb0070]). These two variants of PPA are usually associated with frontotemporal lobar degeneration (FTLD) pathology, whereas, lvPPA is caused by Alzheimer disease (AD) pathology and is associated with degeneration of the left temporo-parietal region and significant involvement of left SLF-tp, AF, SLF-II, SLF-III and anterior ILF tracts ([@bb0035], [@bb0040]). Therefore, white matter tract abnormality in conjunction with gray matter atrophy provides a distinct neuroanatomical profile that is associated with specific features in each PPA variant.

Focal frontal and temporal degeneration in the three PPA variants is associated with behavioral changes in conjunction with the language deficits ([@bb0020], [@bb0055], [@bb0065], [@bb0110], [@bb0120], [@bb0125], [@bb0130]). The temporal and frontal lobes are associated with social cognitive functions, including empathy ([@bb0060]). This allows individuals to infer others\' internal emotions, intentions and beliefs, and behavioral response selection ([@bb0005]). In svPPA, where there is usually significant change in personality and loss of social cognition, the loss of empathy is usually attributed to right temporal pole atrophy ([@bb0115]) while the orbitofrontal cortex (OFC) and insular atrophy is often associated with apathy, anxiety, abnormal feeding behavior, disinhibition and irritability ([@bb0125]).

Emotion processing is an essential component of social cognition ([@bb0045]). Accurate recognition of expressive emotions allows effective response to social cues, prevents conflicts and strengthens interpersonal relationships. The following cortical regions are implicated in emotion perception: ventromedial prefrontal cortex, insula, ATL, OFC, right inferior temporal gyrus and right amygdala ([@bb0060], [@bb0095]). Certain white matter tracts, such as the UF and ILF, are also involved in emotion processing ([@bb0105], [@bb0150]).

Given that some of the neuroanatomical areas that sub-serve social cognition are atrophied in PPA and there is significant alteration in certain white matter tracts such as the UF and ILF that are also important during emotion processing, we hypothesized that the UF and ILF abnormality will significantly correlate with inaccurate emotion detection. Moreover, we expected the svPPA patients to perform significantly worse than the other PPA variants due to the UF and ILF tract deterioration observed in this group. The purpose of the current study was to compare emotion recognition performance in the three PPA variants and healthy controls and ascertain the relative contribution of white matter tract alterations to their performance in emotion perception. We were also interested in examining the relative contribution of gray matter and white matter abnormalities to personality traits in PPA.

2. Material and methods {#s0010}
=======================

2.1. Subjects {#s0015}
-------------

Patients diagnosed with PPA (*N* = 33) and age-matched healthy controls (*N* = 32) were recruited at the University of California, San Francisco Memory and Ageing Centre (*N* = 65) from November 2007 to October 2009. Each patient was diagnosed with one of the three PPA variants, svPPA (*N* = 13), nfvPPA (*N* = 11) and lvPPA (*N* = 9), according to the latest criteria ([@bb0040]). The UCSF Institutional Review Board approved the study. Patients with prior or current diagnosis of other neurological, psychiatric, major medical condition and substance abuse were excluded from the study. Only subjects who underwent DTI were included in the study. Each study participant underwent neuroimaging, neuropsychological and neurological examination. In addition, study partners completed several questionnaires pertaining to patients\' current behavior and personality.

2.2. Neuropsychological assessment {#s0020}
----------------------------------

For the purpose of this paper, only a subset of neuropsychological tests were examined. All subjects underwent the Mini Mental State Examination (MMSE) and the PPA group also completed the Western Aphasia Battery (WAB) auditory word recognition subtest. The auditory word recognition assesses individuals\' ability to comprehend words. In addition, a subset of participants (*N* = 42; svPPA = 12, nfvPPA = 10, lvPPA = 9, HC = 11) completed an Emotion Evaluation Task (EET), a sub-test of The Awareness of Social Inference Test, TASIT ([@bb0075]). The EET consists of short video vignettes to evaluate recognition of basic emotional expressions ([@bb0075]). At the end of each video clip, the subject is required to select an emotion (from a list) which most accurately represents the emotion the actor is portraying. Study partners were interviewed to complete a Clinical Dementia Rating (CDR). The CDR is a staging scale, which is used to assess severity of dementia. It assesses impairment in six different domains (memory, orientation, judgment and problem solving, community affairs, home and hobbies, and personal care) and provides an overall global score ([@bb0080]). Lastly, a subset of study partners (*N* = 21; HC = 11 PPA = 10; svPPA = 5, nfvPPA = 4, lvPPA = 1) completed the Interpersonal Adjectives Scale (IAS), which provides a measure of the following personality traits: assured-dominant, gregarious-extraverted, warm-agreeable, unassuming-ingenuous, unassured-submissive, aloof-introverted, aloof-introverted, cold-hearted, arrogant-calculating ([@bb0155]).

2.3. MRI acquisition {#s0025}
--------------------

A 3T Siemens TrioTim syngo with a standard 8-channel head-coil was used to acquire T1-weighted and diffusion-weighted images. The parameters of each scan are outlined in our previous paper ([@bb0035]).

2.4. Diffusion tensor imaging analysis {#s0030}
--------------------------------------

The FMRIB Software Library (FSL) was used to conduct DTI analysis ([http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/](http://fsl.fmrib.ox.ac.uk/fsl/fslwiki){#ir0005}). Region of interest (ROI)-based DTI analysis was performed for the following tracts: ILF, UF and SLF ([Fig. 1](#f0005){ref-type="fig"}). Various DTI metrics were generated to represent different aspects of fiber tract integrity: (i) fractional anisotropy (FA) represents movement of water diffusion along the axon; (ii) axial diffusivity (AD), which measures diffusivity of water molecules along the axon, is interpreted as a measure of axonal damage; (iii) diffusivity of water molecules perpendicular to the axon or myelin damage is represented by radial diffusivity (RD); (iv) mean diffusivity (MD) reflects average motion of water molecules in every direction ([@bb0015]). The preprocessing and tractography analysis are reported in our previous paper ([@bb0035]).Fig. 1Seeds used to define the uncinate fasciculus (UF), superior longitudinal fasciculus (SLF) and inferior longitudinal fasciculus (ILF) for each subject.Fig. 1

2.5. T1-Weighted images {#s0035}
-----------------------

Voxel-based morphometry (VBM) within statistical parametric mapping (SPM5) software was performed on T1 images, as described previously (Wellcome Department of Imaging Neuroscience, London, UK; <http://www.fil.ion.ucl.ac.uk/spm/software/spm5/>) ([@bb0160]). The gray matter volumes of areas known for focal atrophy in the three PPA variants (ATL, IFG, posterior temporal lobe - PTL and inferior parietal lobe - IPL) and those connected by the WM tracts examined for the current study (IFG and PTL for SLF, ATL and OFC for UF ([Fig. 2](#f0010){ref-type="fig"}), ATL and occipital lobe - OL for ILF) were generated using SPM5 and Harvard-Oxford Atlas based ROIs. Total gray matter volume in each ROI was calculated for each participant, and corrected for total intracranial volume.Fig. 23D reconstruction of the uncinate fasciculus tract (left) and the gray matter regions associated with the tract, anterior temporal lobe and orbitofrontal cortex (right).Fig. 2

2.6. Statistical analysis {#s0040}
-------------------------

The SPSS 21 software was used to conduct the statistical analysis. One-way ANOVA and post-hoc analysis were carried out to examine group mean differences on age, MMSE, CDR-Sum of Boxes (CDR-SoB), EET and WAB (PPA group only). Group differences for IAS were not assessed due to small sample size. In addition, chi-square test was carried out to examine significant gender differences between the groups. The relationship between the EET (one-tailed) and personality traits (IAS T-score; two-tailed), and GM volume (see above) and WM tracts (UF, ILF and SLF) was determined by partial correlation, while controlling for age, gender, TICV and CDR-SoB. Bonferroni correction for multiple comparisons was applied.

Lastly, using the partial correlation results from our analysis, we performed a multivariate linear regression to determine the relative contribution of PPA-specific focal white matter and gray matter abnormalities to predict EET performance. A multivariate linear regression was also carried out to examine personality traits in relation to specific regions, again based on the partial correlation results.

3. Results {#s0045}
==========

3.1. Demographics and language performance {#s0050}
------------------------------------------

General characteristics of each group are summarized in [Table 1](#t0005){ref-type="table"}. There was a significant difference among the groups for age (*F*,(3,61) = 3.432, *p* \< 0.05), education (*F*,(3,56) = 3.013, *p* \< 0.05) MMSE (*F*,(3,60) = 12.426, *p* \< 0.05) and CDR-SoB (*F*,(3,61) = 30.467, *p* \< 0.05). A post-hoc Tukey revealed that nfvPPA were significantly older than lvPPA, *p* \< 0.05. The healthy controls and svPPA did not differ significantly in age from any of the groups. Although one-way ANOVA suggested a significant difference in education among the four groups, Games Howell post hoc analysis suggested no significant difference at *p* \< 0.05. A Games-Howell post-hoc indicated healthy controls performed significantly higher than nfvPPA and svPPA on the MMSE, at *p* \< 0.05, however, there was no significant difference among PPA groups. The CDR-SoB score was significantly lower for healthy controls, compared to each PPA variant group. Games-Howell post hoc analysis did not suggest any significant difference between the three PPA groups on the CDR-SoB. Lastly, the three PPA groups were significantly different with respect to the WAB auditory comprehension, one-way ANOVA (*F*,(2,30) = 3.822, *p* \< 0.05), as patients with lvPPA performed significantly higher than the svPPA group on the WAB.Table 1Demographic and general cognitive function of patients with semantic, non-fluent and logopenic variant primary progressive aphasia and healthy individuals.Table 1svPPAnfvPPAlvPPAHCAge[⁎](#tf0005){ref-type="table-fn"}64.0 (7.22)68.7 (6.79)[⁎](#tf0005){ref-type="table-fn"}61.6 (6.69)[⁎](#tf0005){ref-type="table-fn"}67.0 (4.39)Gender (M/F)5/83/85/410/22Education15.55 (1.635)15.20 (3.293)15 (3.317)17.19 (2.221)MMSE21.5 (7.28)[⁎](#tf0005){ref-type="table-fn"}24.5 (4.35)[⁎](#tf0005){ref-type="table-fn"}24.0 (6.06)29.4 (0.71)[⁎](#tf0005){ref-type="table-fn"}CDR-SoB5.08 (2.798)[⁎](#tf0005){ref-type="table-fn"}2.86 (2.336)[⁎](#tf0005){ref-type="table-fn"}2.72 (1.787)[⁎](#tf0005){ref-type="table-fn"}0.02 (0.088)[⁎](#tf0005){ref-type="table-fn"}WAB50.5 (8.3)56.6 (7.5)58.2 (3.5)[^1][^2]

3.2. Emotion detection {#s0055}
----------------------

All four groups demonstrated significant difference on EET performance, as determined by one-way ANOVA (F(3,38) = 15.379, *p* \< 0.001) ([Fig. 3](#f0015){ref-type="fig"}). Post-hoc Games-Howell test indicated that HC (M = 12.82, SD = 0.874) scored significantly greater than the lvPPA group 10.67 ± 1.3), nfvPPA (8.80 ± 3.1) and svPPA (6.83 ± 2.6). In addition, the lvPPA group significantly outperformed the svPPA group, with a mean difference of 3.833 ± 0.97 (*p* = 0.002). Since there was a significant difference on the WAB auditory single-word comprehension between the PPA groups, we conducted one-way ANCOVA to ensure comprehension deficits (WAB) did not contribute to EET group differences. There was still a significant effect of PPA group on EET performance after controlling for auditory comprehension, F(2,27) = 3.930, *p* \< 0.05. As demonstrated above, the lvPPA group performed significantly better than the svPPA group, *p* \< 0.05. Patients with nfvPPA did not differ significantly from the other two PPA groups.Fig. 3Mean group differences on emotion evaluation task (EET).\*Performed significantly lower than healthy controls.\*\*Performed significantly lower than lvPPA.Fig. 3

3.3. Emotion detection and brain correlates {#s0060}
-------------------------------------------

There was a correlation between the following GM regions and EET score at *p* \< 0.05: left OFC (*r* = 0.32, *p* = 0.025), right OFC (*r* = 0.39, *p* = 0.008), right OL (*r* = − 0.29, *p* = 0.04), left ATL (*r* = 0.34, *p* = 0.02), right ATL (*r* = 0.35, *p* = 0.017). However, these did not withstand correction for multiple comparisons. EET performance was significantly associated with the FA of WM tracts; the right ILF, right UF (*r* = 0.50, *p* = 0.001), left UF (*r* = 0.34, *p* = 0.019), right SLF (*r* = 0.40, *p* = 0.007), and left SLF (*r* = 0.30, *p* = 0.034). However, only the right ILF, UF and SLF survived the multiple comparison correction ([Fig. 4](#f0020){ref-type="fig"}).Fig. 4Correlation between the emotion evaluation task (EET) and the right uncinate fasciculus (circular markers), inferior longitudinal fasciculus (triangle markers) and superior longitudinal fasciculus (square markers) fractional anisotropy. The solid line represents the linear trendline associated with the right UF and EET. The dotted line represents the linear trendline associated with the right ILF and EET. The dashed line represents linear trendline associated with the right SLF and EET.Fig. 4

Since comprehension would affect EET independently of emotion detection ability, we repeated the partial correlation for EET including comprehension as a covariate. A subset of WM tracts were associated with EET performance when the three PPA groups were examined while controlling for comprehension, CDR-SoB, age, gender and TICV; only the right ILF FA (*r* = 0.49, *p* = 0.005, the right UF FA (*r* = 0.62, *p* \< 0.001).

3.4. Personality and brain correlates {#s0065}
-------------------------------------

The association between the IAS subdomains and GM regions and WM tracts are reported in [Table 2](#t0010){ref-type="table"}, [Table 3](#t0015){ref-type="table"}, respectively. The IAS-DE (cold-hearted subdomain) was significantly negatively correlated with the following GM regions: bilateral OFC, bilateral ATL and right PTL ([Table 2](#t0010){ref-type="table"}). The FA values of right ILF, right UF and right SLF were also significantly negatively associated with the cold-hearted subdomain ([Table 3](#t0015){ref-type="table"}). The IAS-FG (aloof-introverted subdomain) significantly negatively correlated with the right OFC, right ATL and the right PTL GM regions ([Table 2](#t0010){ref-type="table"}). In addition, the right ILF and right UF white matter tracts\' FA were significantly associated with the IAS-FG (aloof-introverted subdomain) ([Table 3](#t0015){ref-type="table"}). The IAS-HI (unassured-submissive) was only significantly negatively associated with the right UF ([Table 3](#t0015){ref-type="table"}). The IAS-JK trait (unassuming-ingenuous) was significantly negatively correlated with the FA of the right ILF and left UF ([Table 3](#t0015){ref-type="table"}). The IAS-LM trait (warm-agreeable) significantly positively correlated with the following GM regions: right OFC, right ATL and right PTL ([Table 2](#t0010){ref-type="table"}), and FA of WM tracts: right ILF and right UF ([Table 3](#t0015){ref-type="table"}). Lastly, the IAS-NO (gregarious-extraverted) significantly correlated with the right PTL ([Table 2](#t0010){ref-type="table"}). However, when applying Bonferroni adjustment, only the IAS-DE (cold-hearted) withstood corrections for multiple comparisons (corrected *p* = 0.001) with the right UF FA ([Fig. 5](#f0025){ref-type="fig"}).Fig. 5Correlation between the IAS-DE (cold-hearted) T-score and the right uncinate fasciculus FA.Fig. 5Table 2Partial correlation between Interpersonal Adjective Scale T-scores and gray matter volumes.Table 2Assured-dominantArrogant-calculatingCold-heartedAloof-introverted*rprprprp*R-OFC0.110.668− 0.070.789− 0.73[⁎](#tf0010){ref-type="table-fn"}0.001− 0.54[⁎](#tf0010){ref-type="table-fn"}0.025L-OFC0.030.919− 0.180.497− 0.51[⁎](#tf0010){ref-type="table-fn"}0.035− 0.20.445R-ATL0.060.830.040.873− 0.69[⁎](#tf0010){ref-type="table-fn"}0.002− 0.52[⁎](#tf0010){ref-type="table-fn"}0.031L-ATL0.080.748− 0.10.698− 0.52[⁎](#tf0010){ref-type="table-fn"}0.034− 0.230.366R-IFG− 0.250.3310.240.363− 0.020.937− 0.090.731L-IFG− 0.150.5680.150.5590.260.320.150.56R-IPL0.070.779− 0.250.34− 0.270.2960.310.219L-IPL0.120.6480.190.463− 0.10.69− 0.220.388R-PTL0.060.823− 0.020.937− 0.63[⁎](#tf0010){ref-type="table-fn"}0.006− 0.59[⁎](#tf0010){ref-type="table-fn"}0.013L-PTL0.020.9420.040.891− 0.280.283− 0.130.422R-OL− 0.110.6770.130.624− 0.370.144− 0.210.422L-OL− 0.170.5090.090.7440.030.9110.020.941Unassured-submissiveUnassuming-ingenuousWarm-agreeableGregarious-extraverted*rprprprp*R-OFC− 0.410.106− 0.280.2780.62[⁎](#tf0010){ref-type="table-fn"}0.0090.450.073L-OFC− 0.10.690− 0.10.6950.390.1240.150.564R-ATL− 0.330.196− 0.230.3860.63[⁎](#tf0010){ref-type="table-fn"}0.0070.40.11L-ATL− 0.110.671− 0.120.6350.380.1370.210.427R-IFG0.070.803− 0.120.640.20.4470.080.755L-IFG0.160.549− 0.030.921− 0.290.261− 0.020.944R-IPL− 0.190.4780.220.3880.440.0810.380.135L-IPL− 0.080.7560.110.6870.210.4170.270.297R-PTL− 0.390.126− 0.120.650.69[⁎](#tf0010){ref-type="table-fn"}0.0020.52[⁎](#tf0010){ref-type="table-fn"}0.034L-PTL− 0.010.9700.9960.230.3740.210.431R-OL− 0.10.697− 0.380.1340.050.840.080.772L-OL0.090.725− 0.190.468− 0.050.8420.050.839[^3][^4]Table 3Partial correlation between Interpersonal Adjective Scale T-scores and fractional anisotropy of inferior longitudinal fasciculus, uncinate fasciculus and superior longitudinal fasciculus.Table 3Right ILF (FA)Left ILF (FA)Right UF (FA)Left UF (FA)Right SLF (FA)Left SLF (FA)Assured-dominant*r*0.150.270.260.43− 0.15− 0.37*p*0.5650.2940.3060.0880.5770.148Arrogant-calculating*r*0.140.042− 0.120.02− 0.010.23*p*0.6030.870.6590.9430.9710.366Cold-hearted*r*− 0.55[⁎](#tf0015){ref-type="table-fn"}− 0.06− 0.78[⁎⁎](#tf0020){ref-type="table-fn"}− 0.35− 0.48[⁎](#tf0015){ref-type="table-fn"}0.29*p*0.0230.808\> 0.0010.1660.0490.258Aloof-introverted*r*− 0.59[⁎](#tf0015){ref-type="table-fn"}− 0.22− 0.65[⁎](#tf0015){ref-type="table-fn"}− 0.33− 0.260.25*p*0.0140.3920.0050.20.3070.342Unassured-submissive*r*− 0.38− 0.19− 0.54[⁎](#tf0015){ref-type="table-fn"}− 0.26− 0.190.25*p*0.1290.4770.0260.3110.4580.340Unassuming-ingenuous*r*− 0.49[⁎](#tf0015){ref-type="table-fn"}− 0.29− 0.45− 0.49[⁎](#tf0015){ref-type="table-fn"}− 0.26− 0.17*p*0.0440.2510.0730.0470.3140.526Warm-agreeable*r*0.56[⁎](#tf0015){ref-type="table-fn"}0.030.56[⁎](#tf0015){ref-type="table-fn"}0.260.09− 0.39*p*0.0210.910.020.3060.7370.123Gregarious-extraverted*r*0.370.150.460.240.13− 0.20*p*0.1420.5750.0670.3450.6070.440[^5][^6][^7]

3.5. Regression analysis {#s0070}
------------------------

A regression analysis was carried out to predict EET performance based on the most significantly associated white matter tract (right UF FA) and its associated GM regions (right OFC and ATL), as well as CDR-SoB, age, gender and TICV. The regression model with all seven predictor variables was significant, with *R*^*2*^ = 0.46 and *F*(7,34) = 4.143, *p* \< 0.05. However, the analysis indicates that only the right UF FA significantly predicts EET performance (*Beta* = 0.479, *t*(41) = 0.981, *p* \< 0.05).

A regression analysis was also conducted to examine the cold-hearted trait in relation to the right UF FA, OFC, ATL, CDR-SoB, age, gender and TICV. The regression model with all seven predictor variables was significant, with *R*^*2*^ = 0.70 and *F*(7,13) = 4.23, *p* \< 0.05. However, only the right UF FA significantly predicted cold-hearted trait (*Beta* = − 0.629, *t*(20) = − 2.226, *p* \< 0.05).

4. Discussion {#s0075}
=============

To our knowledge, this is the first study to examine emotion processing in the three PPA variants and its association with changes in gray matter volume and white matter tract integrity. Compared to healthy controls, all three PPA variants performed significantly worse on the EET. Moreover, the svPPA group performed significantly worse than both lvPPA and nfvPPA patients. Individuals with lvPPA also outperformed nfvPPA patients but this was not significant. Our investigation of the relative contribution of gray matter volumes and white matter tract integrity to emotion detection performance in PPA revealed that only white matter tract integrity (right UF, SLF and ILF) was associated with emotion detection performance on the EET and the right UF tract was the strongest contributor to emotion detection in PPA. Moreover, the multiple linear regression model suggests that when examining the right UF and its associated GM regions (OFC and ATL), the right UF is the primary predictor of the EET performance. The EET performance and white matter tract association was independent of disease severity, age, gender and total intracranial volume.

Emotion processing is an essential component of social cognition ([@bb0045]). Most studies on emotion processing in PPA only assess static emotion recognition, using static pictures, rather than more realistic dynamic, multimodal stimuli. The TASIT EET integrates various modalities, incorporating matched facial, vocal, prosody and body gesture cues, depicting realistic scenarios. Atrophy of OFC and its relation to emotion recognition impairment has been reported in previous studies, particularly in svPPA ([@bb0060], [@bb0135]). We also found a significant association between the OFC and EET performance, however, this did not survive correction for multiple comparisons. Nevertheless, there is evidence that OFC plays a critical role in emotion processing. Similar to others, we found that patients with svPPA displayed substantial emotion recognition deficits, compared to the nfvPPA and lvPPA group, and healthy controls, even after accounting for their comprehension deficits ([@bb0020], [@bb0030], [@bb0055], [@bb0110], [@bb0120]). Previous investigations on whether impairments were specific to negative or positive emotions revealed that patients with svPPA or nfvPPA were significantly impaired on negative emotions (anger, fear, sad) compared to healthy controls and svPPA were also significantly impaired on disgust ([@bb0050]). However, upon increasing the emotional intensity of the stimuli, the nfvPPA group did not differ from healthy controls.

Investigation of emotion recognition via affective prosody comprehension has revealed that patients with nfvPPA and lvPPA demonstrate significant affective receptive prosody deficits compared to healthy individuals ([@bb0120]). Moreover, the lvPPA and nfvPPA groups demonstrate modality-specific effects in that they are significantly more accurate at deciphering affective facial expressions than affective prosody ([@bb0120]). Consequently, it appears that the different modalities can be differentially affected in the three PPA variants. Evidence from previous studies implies that poor emotion recognition in our lvPPA group could be due to impaired affective receptive prosody ([@bb0120]). Additionally, decreased accuracy could be exaggerated due to difficulty integrating incoming information from all three affective modalities. Future studies should decipher the nature of impairment of the three affective modalities in all three PPA variants. Such findings could result in targeted speech therapy for facilitating emotion recognition.

Impaired emotion recognition is most prominent in individuals with svPPA, in keeping with the focal damage to the UF and ATL. Our results confirm that the right UF is essential in emotion recognition as individuals with svPPA have the greatest atrophy in this area and are the most impaired ([@bb0035], [@bb0040]). Furthermore, since the right UF is relatively spared in nfvPPA and lvPPA, we assume that this contributes towards their better performance in emotion recognition, relative to svPPA and this finding is unrelated to disease severity, as assessed by CDR. Overall, the white matter tracts contributed more to accurate emotion recognition than the atrophied gray matter regions surrounding those tracts. Hence, to the best of our knowledge, this is the first study to demonstrate the more significant contribution of the right UF in emotion recognition in PPA. Patients with right UF lesions due to an acute stroke show emotional empathy impairment, further supporting its role in emotion-related tasks ([@bb0090]). However, it is important to emphasize that the right UF is not the only tract associated with emotion recognition. As demonstrated in the current study, the right ILF and SLF also play a significant role.

Examination of the relationship between personality traits, gray matter volume and white matter tract integrity in PPA revealed that cold-hearted behavior is negatively correlated with the right UF FA. This in conjunction with the emotion perception deficits also being related to the same structure, the right UF, further strengthens the argument that the right UF is a key tract associated with emotion perception and display. Furthermore, the multiple linear regression model also suggests that cold-hearted trait is predominantly associated with the right UF FA, and not its associated GM regions (OFC and ATL). There is evidence that patients with svPPA undergo a significant personality change in their disease and show decline in warmth, extroversion, agreeableness, openness and dominance, as well as display more neurotic traits compared to premorbid levels ([@bb0065], [@bb0140], [@bb0145]). Moreover, these patients become significantly less warm and less extroverted as the disease progresses ([@bb0140]). Several neural correlates have been associated with altered personality in FTD: agreeableness and bilateral OFC volumes; openness with left medial OFC volume; warmth with right prefrontal, insula and anterior temporal regions ([@bb0065], [@bb0145]). Consistent with existing literature, we also found an association between warm-agreeable traits and OFC and ATL, along with the right UF and ILF, however, these did not survive multiple comparison correction. The right UF is implicated in other traits, such as antisocial behavior in psychopathy and loss of emotional empathy in acute ischemic right hemisphere stroke, even in the absence of gray matter damage ([@bb0025], [@bb0090]). Experiments by Oishi et al. demonstrate that loss of right UF integrity, due to a stroke, is the primary contributor of emotional empathy deficit, accounting for as much as 70% variance on empathy task performance, which cannot be accounted by adjacent cortical regions ([@bb0090]). Thus the right UF, a primary site of injury in svPPA, appears to be the most vital tract in recognizing emotions and predicting a cold-hearted behavioral trait. There is also evidence that the UF is an integral component for socialization and alterations in the UF has been implicated in antisocial behavior ([@bb0100]). Whether there is a relationship between impaired emotion detection and cold-hearted behavior remains to be explored.

Limitations of this study includes a limited sample size that precluded examining emotion-specific features that could provide insight into the role of different white matter tracts in emotion-specific recognition. There is evidence that different neuroanatomical regions process negative and positive emotions ([@bb0085]). Moreover, the relationship between personality and emotion detection abnormalities warrants further study.

5. Conclusion {#s0080}
=============

The findings of the current study show emotion detection deficits in the three variants of PPA, with the svPPA group demonstrating the greatest difficulty at recognizing emotions in others. In addition to changes in their emotion detection capability, personality changes are well recognized in individuals with PPA. Previous literature showcases that these changes include increased neurotic traits and decline in warmth, openness, conscientiousness and extroversion. The current findings propose that emotion recognition impairment and changes in personality might result from disruption of the right UF, which serves as a connection between the ATL and OFC.

Therefore, while it is well established that there is diminished tract integrity in the UF in PPA, particularly in svPPA, our findings suggest a behavioral outcome which warrants further study, as it could explain certain non-cognitive symptoms seen in these individuals and could contribute to caregiver burden. Therefore, clinicians should consider an assessment of behavioral traits, as emotion detection and personality change are a critical component of socialization and quality of life.
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[^1]: svPPA = semantic variant primary progressive aphasia; nfvPPA = non-fluent variant primary progressive aphasia; lvPPA = logopenic variant primary progressive aphasia; HC = healthy controls.

[^2]: *p* \< 0.05.

[^3]: R-OFC = right orbitofrontal cortex; L-OFC = left orbitofrontal cortex; R-ATL = right anterior temporal lobe; L-ATL = left anterior temporal lobe; R-IFG = right inferior temporal gyrus; L-IFG = left inferior temporal gyrus; R-IPL = right inferior parietal lobe; L-IPL = left inferior parietal lobe; R-PTL = right posterior temporal lobe; L-PTL = left posterior temporal lobe; R-OL = right occipital lobe; L-OL left occipital lobe.

[^4]: *p* \< 0.05.

[^5]: ILF = inferior longitudinal fasciculus; UF = uncinate fasciculus; SLF = superior longitudinal fasciculus.

[^6]: *p* \< 0.05.

[^7]: *p* \< 0.001 (Bonferroni-adjusted *p*-value).
